Abstract: We present a rigorous electrical and optical analysis of a strained and graded base SiGe Heterojunction Bipolar Transistor (HBT) electrooptic (EO) modulator. In this paper, we propose a 2-D model for a graded base SiGe HBT structure that is capable of operating at a data bit rate of 80 Gbit/s or higher. In this structure, apart from a polysilicon/ monosilicon emitter ðWidth ¼ 0:12 mÞ and a strained SiGe graded base ðDepth ¼ 40 nmÞ, a selectively implanted collector (SIC) ðDepth ¼ 0:6 mÞ is introduced. Furthermore, the terminal characteristics of this new device modeled using MEDICI are closely compared with the SiGe HBT in the IBM production line, suggesting the possibility of fast deployment of the EO modulator using established commercial processing. At a subcollector depth of 0.4 m and at a base-emitter swing of 0 to 1.1 V, this model predicts a rise time of 5.1 ps and a fall time of 3.6 ps. Optical simulations predict a phase shift length ðL Þ of 240.8 m with an extinction ratio of 7.5 dB at a wavelength of 1.55 m. Additionally, the tradeoff between the switching speed, L and propagation loss with a thinner subcollector is analyzed and reported.
Introduction
Fast modulation of optical signals with low-cost devices is of great interest to many fields, ranging from on-chip or intra-chip interconnections to Si photonics for telecommunication. Among the different technologies explored in developing modulators, silicon photonics is one of the most promising as it allows mass production at an attractive cost and monolithic integration with advanced electronics on a single die [1] . Electrooptical effects in strained silicon [2] or quantum-confined stark effect in SiGe/Ge quantum wells [3] have been demonstrated recently, but current high-speed modulators integrated in silicon are based on the plasma dispersion effect [4] and have been amply verified by experimental measurements. In 1997, a three-terminal Bipolar Mode FET (BMFET) integrated in a low-loss single-mode Silicon-on-Insulator (SOI) waveguide was proposed, having a switching time of less than 3.5 ns and a -phase shift interaction length ðL Þ of 1 mm [5] . In 2007, IBM reported a P-I-N silicon modulator with bit rates of 10 Gbit/s and an L of 100 to 200 m [5] . In the same year, Intel demonstrated a PN junction based high speed modulator of 40 Gbit/s with an L of 1 mm in a Mach-Zehnder Interferometer (MZI) configuration using a carrier depletion structure combined with travelling wave electrodes [7] . In 2005, a depletion mode PN junction based SOI modulator was reported with rise and fall times of 7 ps with an effective bandwidth of 60 GHz [8] . In the same year, a shorter electrooptic (EO) modulator length was demonstrated by incorporating resonant light-confining structures [9] . III-V based traveling wave electro-absorption modulators (TWEAM) using the high quantum-confined stark effect has been reported to operate at 80-100 Gbit/s [25] . Modeling of a silicon modulator with an operation bandwidth of 74 GHz using a metal-oxidesemiconductor (MOS) capacitor structure in a ring resonator configuration was reported in 2009 [27] . In 1990, Soref proposed the use of SiGe-on-Si technology for high-speed optical modulation based on a free carrier plasma effect [10] . The SiGe modulators reported in the literature exhibited longer device lengths and RC limited bandwidths [11] , [12] . Several of these papers provide experimental verification that the free carrier effect can be utilized. The question that remains now is how fast this effect can operate and with what physical length, propagation loss, and energy per bit.
Our previous work on a SiGe Heterojunction Bipolar Transistor (HBT) EO modulator reported an operation bandwidth limited to 2.4 GHz [24] and 10.5 GHz with a short L of 73.6 m [19] . In this new structure explored by MEDICI, we designed the doping concentration of all three regions, namely emitter, base, and collector, and added mono-crystalline silicon to enhance carrier mobility which appears to be critical in improving the speed of the device. The reduction in the lateral width of the transistor resulted in lower intrinsic base resistance, extrinsic base resistance, and emitterbase and base-collector intrinsic capacitances. The key contribution of this study is the improvement in the rise and fall times of the EO modulator during large signal switching. This is achieved by the introduction of mono-crystal silicon layer on the thin SiGe epitaxial base and the compressively strained SiGe base on the selectively implanted collector (SIC). The rise time is improved by enhancing the mobility of both the electrons and holes in the base. The monosilicon cap layer and the graded Ge base, which introduces a built in electric field, accelerate the vertical transport of electrons. The compressive strain in the SiGe base enhances the lateral and vertical hole mobility. The fall time is improved due to the smaller recombination lifetime in the reduced bandgap SiGe base and lesser charge storage in the polysilicon emitter. However, the thickness of the base is limited by the punch-through effects due emitter-base and base-collector depletion capacitances. This limited thickness also limits the strain induced mobility enhancement. A thinner base reduces the base transit time of the electrons but, at the same time, reduces the overlap of the optical field with the carriers and, hence, the modulation efficiency. Additionally, at extremely thin bases (below 20 nm), the numerical simulation techniques used should accurately model the transport of highly energetic electrons and holes.
In this paper, we also analyze the terminal characteristics of the HBT, namely small signal cutoff frequency, current gain, and transient response. A close match is obtained in comparison with npn HBTs using IBM's 8HP technology [14] , studied by CADENCE simulator. This suggests that the modulator is manufacturable using the IBM 8HP fabrication process through the brokerage service provider MOSIS [22] .Two independent device and circuit simulation tools have been employed at each step of the simulation to cross check the results wherever possible. These simulations strongly support the primary conclusion of this study that the proposed SiGe EO modulator can operate at 80 Gbit/s or perhaps beyond. To confirm that the rise and fall time of the EO modulator is only a few picoseconds, we study the time evolution of the free carrier plasma including both electrons and holes in the device. In addition, we verify that the SiGe HBT waveguide is single mode at both zero bias and high bias ðV be ¼ 1:1 VÞ. The extinction ratio of the MZI, the dynamic power consumption, and the attenuation of the wave propagation are also computed in this paper. Finally, the tradeoff between the waveguide propagation loss and the device speed as a result of thinning of the subcollector region is analyzed. The viability of a SiGe-based modulator is supplemented by the feasibility of an 80-100 GHz photodetector using a p-Ge/i-Si/n-Si heterojunction PIN diode [27] . To the best of our knowledge, it is the fastest Si EO modulator ever proposed based on the free-carrier plasma effect. Moreover, by using an MZI configuration, the proposed EO modulator has provided much better temperature stability compared with ring or disk resonator based Si EO modulators [9] , [30] .
Device Structure
The proposed 2-D HBT device structure is shown in Fig. 1 . The typical parameters that represent the HBT technology are the base thickness and the emitter width ðW E Þ. In this model, an n-doped Polysilicon Emitter with uniform doping concentration of 1 Â 10 21 cm À3 , width of 0.12 m, and depth of 0.36 m is chosen. There are two symmetric base contacts and two symmetric collector contacts on each side of the emitter. This configuration is chosen because of superior driving ability, lower thermal resistance, and lower sensitivity to self-heating [17] . The base consists of p-doped strained SiGe alloy with a thickness of 40 nm and width of 1.7 m. The germanium mole fraction is linearly graded from 19% at Emitter-Base junction to 25% at Base-Collector junction [14] . The thin epitaxial base has a peak doping of 5:5 Â 19 cm À3 is defined to reduce the resistance of the subcollector region which connects the intrinsic BC junction to the collector contact. The reach-through layer connecting the subcollector layer and the collector contacts assumes a high doping of 2 Â 10 19 cm À3 . The doping profile along the center of the device cross-section ðAA 0 Þ is plotted in Fig. 2 . A buried oxide layer with a thickness of 0.2 m and width of 3.32 m is assumed just below the subcollector. Fig. 1 assumes a silicon substrate below the buried oxide with a doping concentration of 2 Â 10 16 cm À3 . As shown in Fig. 1 , there are two shallow trenches of 0.6 m thickness below the base contacts. The two deep trenches are defined on each side of the collector contacts. These trenches are filled with silicon dioxide, which behaves as an electrical insulator and additionally confines the light due to its low refractive index compared with silicon.
Device Modeling
The electrical characteristics of the HBT EO modulator are explored by a 2-D simulation tool MEDICI. The key parameters examined include the free-carrier concentration and distribution. These parameters give rise to optical field confinement, injection current, DC characteristics, and electrical power at transient conditions. An optical model is created to design and analyze the mode confinement, phase shift interaction length ðL Þ, transmission characteristics, modulation depth, and optical losses of the structure. 
Electrical Model
The 2-D simulation package MEDICI from SYNOPSYS [14] is employed to analyze the electrical calculations of the proposed HBT device. Suitability of this device modeling software to analyze electrical performance in SOI waveguides has been demonstrated by other authors [5] , [27] . This program simulates internal physics and device characteristics of semiconductor devices by solving Poisson's equation and the charge continuity equations for electrons and holes numerically. The software allows a complete statistical approach (Fermi-Dirac statistics) when, for example, heavily doped regions are considered. Carrier recombination models include Shockley-Read-Hall (SRH) recombination, Auger recombination, and surface recombination. A concentration dependent model has been used to determine the carrier mobility. In our simulations, the Philips unified model (PHUMOB) [14] and the velocity saturation models [14] are chosen for mobility calculation and to correctly represent the majority and minority carrier dynamics of a bipolar device. To account for the excess carrier recombination and the heavy doping effects throughout the device, the Slotboom bandgap narrowing (BGN) model [14] , [16] , the concentration dependent SRH model, and the Auger recombination model are included in these simulations [14] . The bandgap narrowing parameters for silicon, Polysilicon, and SiGe regions are carefully chosen for curve fitting. Ohmic contacts without additional contact resistance or capacitance have been assumed.
The accuracy of device simulation of SiGe HBTs is often determined by how accurately carrier transport is described. Three carrier transport models are now generally used: the drift-diffusion (DD) model, the hydrodynamic (HD) model, and the Monte Carlo (MC) model. Drift-diffusion model of charge transport neglects nonlocal transport effects such as velocity overshoot, diffusion associated with carrier temperature gradients, and the dependence of impact ionization rates on carrier energy distributions. The more detailed HD model approach includes the energy gradient in the current equation and considers mobility as a function of the average carrier energy. Local carrier heating in high and rapidly varying electric fields is modeled using a self-consistent solution of the drift-diffusion and carrier energy balance equations. These carrier energy balance equations are included by using the ET.MODEL statement in our proposed device [14] . The basic MC algorithm is based on the individual representation of a significant portion of the charge carrier population as computer particles. Hence, one advantage of this technique is its ability to depict a complete picture of carrier dynamics based on their microscopic material parameters, such as effective masses. MC simulation is considered to be the most accurate approach within the framework of semi-classical device physics but is not widely used due to its unattractive computing time. Hence, it was essential to adopt HD model in this study for accurate investigation at 80 Gbit/s.
Given the known Ge content and strain-induced changes to the energy, degeneracy, and local curvature of both the conduction and valence bands in Si, it is to be expected that both the carrier effective masses will be significantly altered in strained SiGe compared with their original Si values. Because carrier transport parameters depend intimately on the band structure and the resultant carrier effective masses, all of the carrier transport parameters can be expected to change with the addition of Ge to Si. These occurrences are captured in the strained SiGe model statement SIGE ðEG. MODEL ¼ 2Þ [14] . These changes to the device transport parameters in SiGe are important because 1) the collector current in a SiGe HBT is proportional to the minority electron mobility in the base ð nb Þ; 2) the base current is proportional to the minority hole mobility in the emitter; 3) the base transit time is reciprocally proportional to nb ; and 4) the base resistance, which is important in dynamic switching, is proportional to the hole mobility in the base. These facts are included in Philips unified model (PHUMOB) and the velocity saturation models [14] . In order to compare the terminal currents, forward current gain, Gummel characteristics, and output characteristics of our proposed device model to the IBM certified 8HP model [14] , identical test circuits are constructed and simulated for both. For this particular work, simulations of the IBM 8HP models are performed in Virtuoso Analog Design Environment with SPECTRE: a simulator integrated with the circuit level schematic tool CADENCE. The simulations on our proposed model are performed using MEDICI: a device simulator from SYNOPSYS. The primary reason for adopting our proposed device model is to exhibit the spatial distribution of the carriers and their switching speed, which is not deducible from simulations of IBM 8HP models. Additionally, it provides us the ability to verify our model with the IBM 8HP model in production. The IBM published manual releases that the NPN SiGe HBT transistor of IBM 8HP has an emitter width 0.12 m. In this paper, an emitter length of 2 m is chosen for the SPECTRE simulations. The length is not applicable for MEDICI as it is a 2-D simulator. The temperature for the simulations is chosen as 85 C.
Optical Model
We use the Beam Propagation method (BPM) [18] for the optical analysis of the wave propagation in the HBT waveguide. From the values of the electron and hole concentrations at any point of the SiGe HBT, the induced real refractive index and optical absorption coefficient variations are computed according to [4] 
where Án and Á are the real part of refractive index and the absorption coefficient, respectively. In (1) and (2), ÁN represent the carrier density changes, with Be[ and Bh[ denoting electron and hole, respectively. The refractive index files generated using the carrier distribution across the device are imported to the HBT waveguide constructed in the BPM software [18] . The background index in locations other than the device is assumed to be of silicon dioxide with refractive index 1.45. The use of crystalline Si (c-Si) instead of polysilicon or amorphous Si as the waveguide core reduces scattering and absorption losses [30] . Since the core of our waveguide lies in the base and the SIC region, scattering losses due to surface roughness are neglected. However, the scattering losses due to the change in free carrier plasma are incorporated. The fundamental mode of the waveguide is launched, and the L , propagation loss and extinction ratio are calculated. L is computed as =2Án eff , where is 1.55 m, and Án eff is effective index variation of the optical channel.
Results and Discussion

Electrical Analysis
To characterize our model, it is imperative to consider the DC and small-signal characteristics. The cutoff frequency ðf t Þ versus collector current ðI c Þ curve illustrates the unity gain cutoff frequency of the device, which gives insight into the speed of operation. To characterize the behavior of the E-B and B-C junction capacitances, it is necessary to inspect the forward Gummel characteristics, the forward current gain, and the output characteristics of the device. The close match of our model to 8HP data confirms the feasibility of this model to be fabricated and tested experimentally through MOSIS. To determine the switching speed of the EO modulator, the large signal dynamic performance and the time evolution of the electron/hole carrier density of the device are computed.
Small Signal Cutoff Frequency
Vertical scaling of HBTs is often given higher priority than lateral scaling. In bipolar design, base thickness and its representative scaling parameter are of the highest importance. A thinner base leads to reduced minority carrier transit time and enhanced built-in electric field. A base thickness of 40 nm is carefully chosen in our model to push the peak cutoff frequency ðf t Þ to 205 GHz, as illustrated in Fig. 3 . The collector current density ðI C Þ corresponding to the peak cutoff frequency is 14.6 mA=m 2 at V cb of 1 V. For a typical 8HP HBT device, the peak cutoff frequency is in excess of 200 GHz at I C % 8-16:5 mA=m 2 [14] . The roll-off in the curve beyond f t was obtained by tuning the SIC retrograde doping level and shape. A higher peak doping in the SIC pushes the onset of high injection condition to higher collector current densities. To control the rate of roll-off in the f t versus I c curve, the slope of the SIC retrograde profile is adjusted to 1:3 Â 10 17 cm À3 =m. The lower slope of the retrograde profile resulted in a steeper roll-off in the f t versus I c curve. With the existing device parameters assigned to our model, it can be concluded that the AC behavior of our model is very close to the IBM 8HP CADENCE small-signal model, hence proving the validity of our structure and small-signal model parameters.
Comparison of Forward Gummel, Current Gain, and Output Characteristics
To analyze the operation of E-B junction, the forward Gummel characteristics is extracted from CADENCE and MEDICI by applying a V be sweep from 0 to 1 V with V cb ¼ 0 V. The extracted plots when superimposed further confirm good accuracy for our model. This is illustrated in Fig. 4 . The slotboom bandgap narrowing model is used to illustrate the high doping effects bandgap narrowing in the SiGe HBT. According to the slotboom model, the bandgap of a semiconductor material is given by (3) [14] , [16] :
where ÁE g is the bandgap change due to heavy doping effects, N total is the intrinsic doping level used in the device (Fig. 2) , and k is Boltzmann's constant. High doping bandgap narrowing model parameters includes a voltage parameter V 0, a constant parameter k , and a concentration parameter N0. The parameter values are chosen to be V 0 of 5:9 Â 10 À3 , N0 of 1:3 Â 10 17 , and k of 0.5 for Si and SiGe regions. To illustrate the recombination mechanism in the base, the electron ð n0 Þ and hole ð p0 Þ bulk lifetime parameters were chosen as 2 Â 10 À5 s and 2 Â 10 À5 s, respectively [14] . At V be biases below 0.15 V, the collector and base currents start at equal values of 
10
À14 A. The dominant component of base current at biases lower than 0.4 V is due to recombination rather than diffusion of carriers. Hence, the lifetime parameters played a critical role at those bias levels.
As the forward bias is increased to 0.4 V, the collector current increases more rapidly than the base current. This is because of the heterojunction base, resulting in a forward current gain, as shown in Fig. 5 . The output characteristics of the SiGe HBT are extracted by applying a fixed V be of 0.9 V, 1 V, and 1.1 V while sweeping V ce from 0 V to 0.8 V, as shown in Fig. 6. 
Comparison of Transient Response of the Terminal Currents
After validation of the small signal and DC characteristics, it is necessary to validate the transient response of the device to verify the switching speed. The base doping profile in Fig. 2 was adopted. The terminal currents are illustrated in Fig. 7 . To perform this experiment, a square pulse of 0 to 0.9 V with 1 ps ramp-up time is applied at the base of the transistor in Common-Emitter configuration with collector to emitter voltage ðV ce Þ of 0.5 V. This ensures that the device is switching from cutoff to saturation during the BON[ phase of 12.5 ps and saturation to cutoff during BOFF[ phase of 12.5 ps. Based on our model, the transient peaks of the base, emitter, and collector currents at the ramp-up indicate the turn on of the emitter base junction and, hence, the criticality of emitter and base doping levels. The transient peaks during ramp-down of V be illustrate the removal of the charge stored in the base. These current components are strongly dependant on the SRH recombination lifetime parameters. The steady-state currents are representative of the current gain of the device. A Fig. 7 . In this figure, the collector current curve of our MEDICI model displays the rise and fall time as 4.7 and 3.4 ps, respectively, which is very close to the IBM 8HP CADENCE model.
The switching speed of the SiGe HBT is determined by the B-E and B-C junction capacitances; the emitter, base and collector resistances; and the diffusion capacitances. Because the transistor is operating as a large signal device, the depletion capacitances and the diffusion capacitances will vary as transistor moves from cutoff to saturation through the active region.
This model predicts a much faster switching speed compared with our previous model [19] . This can be attributed to higher doping used in the emitter, base, and collector, resulting in much lower intrinsic resistances. The presence of thin mono-crystal silicon (10 nm) and a thinner base (40 nm) also assist in reducing the transit time of the electrons when compared with the previously reported device in [19] . For the device without the mono-crystal silicon, a transit delay is observed at the emitter-base junction due to the low mobility of the grain boundary interface with the SiGe base. However, the mono-crystal silicon-cap interface with SiGe base is devoid of the grain boundaries and, hence, offers lower emitter resistance [29] . In addition, a lateral width of 3.32 m between the two collector contacts is much smaller than the 6.8 m reported in our previous work. This results in reduced base and collector resistances and smaller emitter-base and collector-base junction areas, 
Transient Analysis of the Switching Speed of the Carriers
The steady-state hole and electron distribution of the MEDICI model under bias of V be of 0.9 V, 1.0 V, and 1.1 V is shown in Figs. 8 and 9 , respectively. At 1.1 V, the peak change in electron concentration in the base is 1 Â 10 20 cm À3 while the peak change in hole concentration is 1 Â 10 20 cm À3 . This change in concentration of the electrons and holes is used to compute the L of the device, as explained in Section 4.3.
The change in electron and hole concentrations illustrated in Figs. 8 and 9 denote the carrier density at the various bias levels. To satisfy the charge neutrality requirement in the collector, there is a significant increase in hole concentration in response to the high-level injection of electrons. The injection and removal of holes in the collector region also contribute to a change in refractive index. Because holes are considered slow carriers, it is important to study the time evolution of the charges in order to verify that the rise and fall times are on the order of picoseconds. The following Fig. 10(a) and (b) show the electron concentration rise and fall, respectively, with time at the center of device ðx ¼ 0 mÞ at V be ¼ 1:1 V. Similarly, Fig. 10(c) and (d) denote the hole concentration rise and fall, respectively, with time at the center of device. It can be observed from Fig. 10(a) and (c) that the electron and hole concentrations rise to about 1% of the maximum in 4 ps and 90% of the maximum in about 9.1 ps. This corresponds to 5.1 ps of rise time ðt r Þ. Similarly, Fig. 10(b) and (d) illustrate the electron and hole concentration fall to 90% in 1.2 ps and to 1% in 4.8 ps. This corresponds to a fall time ðt f Þ of 3.6 ps. We chose the baseline carrier concentration to be 1% of the maximum charge density to get an optimal extinction ratio. The most important point to note is that the maximum concentration of free carriers denoted in Figs. 8 and 9 corresponds to the maximum concentration of carriers in the base and the SIC, as denoted in Fig. 10 . The distribution of the charge build-up in the base and SIC determines the L of the modulator.
Considering the rise and fall times discussed above, the modulation speed in gigahertz is defined as the inverse of the sum of switch delays 1=ðt r þ t f Þ. Hence, the modulation speed or the 3-dB bandwidth is 114 GHz. This corresponds to a data bit rate of 228 Gbit/s. However, there will be additional switching delay caused by the finite rise and fall time of the input driving signals. We estimate this adds an extra delay of $2 ps to $3 ps, which gives a total delay of $14 ps in circuit implementation of the proposed SiGe HBT EO modulator. Additional bandwidth budget is given to the consideration of full extinction ratio, which requires complete carrier injection and removal in the device. Thus, conservatively, we estimate the proposed HBT EO modulator to have an operation speed of 80 Gbit/s.
Parasitic resistances and capacitances introduced by the electrical contact pads required for longer length of the device will degrade the operational bandwidth. One way to overcome this bandwidth limitation is to break the long phase shifter into smaller segments and drive every segment with the same signal delayed by appropriate skew. This configuration can be interpreted as a Traveling Wave Electrode (TWE), as shown in Fig. 11 . The fundamental idea underlying the TWE in contrast to lumped electrodes is the fact that the distributed capacitance does not limit the modulator speed [26] . Proper design will enable identical propagation speed of the optical and the modulating electrical signal, permitting the phase modulation to accumulate monotonically irrespective of frequency.
Optical Property Analysis
Refractive Index Profiles and Modal Characteristics
The total charge stored in the device in its spatial distribution under various V be biases is extracted and imported to BPM for optical property analysis. The mode computation is done using the correlation method in the BPM simulation package as it has advantages for problems such as leaky, lossy, or radiating modes [18] . The wavelength is chosen as 1.55 m. Electron and hole carrier distribution across the XY plane of the device is used to create the refractive index map. It is observed that the lateral confinement of the launched beam is achieved due to the silicon dioxide shallow trenches and deep trenches. However, vertical confinement is not achieved for the 1-m deep subcollector because of the very small index difference between the base-collector region and the subcollector. Hence, the effect of reducing the thickness of subcollector on the electrical and optical properties of the SiGe HBT is investigated. Interestingly, reduction of subcollector thickness to 0.4 m results in high vertical confinement of the optical modes. For a subcollector depth of 0.4 m, the generated refractive index profiles for the SiGe base and the collector at a depth of 0.6 m at V be of 0 V and V be of 1.1 V are generated. Using these refractive index profiles for subcollector depths of 1 m and 0.4 m, the mode profiles were computed.
A Gaussian beam of 1.3 m Â 1 m is launched between the SiGe base and the subcollector along the length of the emitter. For a subcollector depth of 0.4 m and a launch field of 1.3 m Â 1 m, the single mode operation is verified.
Transmission Characteristics of L , Attenuation, and Extinction Ratio
The effective indices of the HBT waveguide are computed at different biasing conditions. Since Transverse Magnetic (TM) mode resulted in better interaction with free carrier plasma and, thus, smaller L , the following discussion is based on TM mode. The turn on switch is controlled by the V be bias, varying between 0 V and 1.0 V or 1.1 V. In this paper, we analyze in detail how the subcollector thickness will affect the mode confinement L and attenuation loss. Because the variation of carrier concentration takes place near the base and the base-collector junction, it is favorable to push the optical mode closer to the base in order to obtain the maximum index modulation over the optical field. The mode profiles for the HBT with subcollector thicknesses ðW sub Þ of 1 m and 0.4 m under bias of 0 V and 1.1 V are shown in Fig. 12 . Single-mode operation is verified by BPM mode solver for all conditions. For the case that the subcollector thickness is 1 m, the emitter upper contour, the shallow trench, and the SiO 2 at the bottom of the device form a ridge-like waveguide structure. As the subcollector thickness is cut back, the shallow trench, having a total thickness of 0.6 m measured from the top of the device, plays an increased role in confining Fig. 11 . Schematic of the emitter segmented modulator driven by TWE configuration. E1, E2, and E3 in the sketch denote the emitter segment 1, 2, and 3, respectively. the optical mode. For the case in which the subcollector thickness is cut back to 0.4 m, the optical mode has a profile similar to that of a rectangular waveguide. Table 1 above summarizes the rise time and fall time L and optical loss for various subcollector thicknesses. The rise and fall times increase as the subcollector thickness ðW sub Þ is cut back. This is because of the increase in the resistance of the subcollector to collector contact path. The decrease of L , as shown in Table 1 , is anticipated as a result of enhanced optical wave and free carrier plasma interaction for thinner subcollector thickness. Within the collector region where the majority of the optical field is situated, the subcollector has the highest doping compared with the SIC region and the background doping in the collector. For a conventional HBT device, a high subcollector doping is used to reduce the resistance to the electrical contact. For an HBT on SOI or growth substrate removed, the electrical contact to the subcollector is optional. In the proposed HBT EO modulator design, we thinned down the subcollector thickness until it was totally removed. This leads to the sharp decrease in the loss due to attenuation from 0.041 dB=m for a W sub of 1 m to 0.031 dB=m for a W sub of 0.4 m. This can be easily explained from (2) . Additional thinning of the subcollector region from W sub of 0.4 m only slightly impacts the waveguide loss. Through our study, we conclude that the doping concentration in the region occupied by the optical wave should be kept at or below $10 18 cm À3 in order to maintain moderate propagation loss due to free carrier plasma scattering.
Clearly, there is a tradeoff between the rise/fall times and the mode confinement and, thus, L and loss figure. We chose W sub of 0.4 m as the optimal condition in this work. At V be of 0 V, the effective index is computed as 3:307944 þ j6:442 Â 10 À4 , and at V be of 1.1 V, the effective index is computed as 3:304726 þ j8:685 Â 10 À4 . For an MZI configuration, the L is computed to be 240.8 m. The total optical beam propagation loss of the proposed HBT EO modulator is 7.36 dB. The corresponding voltage-length production, or the figure of merit (FoM), is 0.0264 V-cm for TM.
To evaluate how efficiently the light signal's intensity is modulated, extinction ratio can be examined as an indicator. It is defined as the ratio of the output intensity variations that represent logic level B1[ ðI H Þ and B0[ ðI L Þ. The expression for extinction ratio in decibels can be written as 10 Â logðI H =I L Þ. In our proposed MZI structure, one arm is kept unbiased as a reference, while the other one is switched to produce the intensity difference. Considering the significant loss in the HBT EO modulator, both arms are equipped with the same HBT structure. In this way, the output intensity from each arm is comparable, and the extinction ratio is greatly improved. However, it is worth noting that despite the high extinction ratio value, a photodetector with high sensitivity is necessary because the absolute level of intensity is low as a result of the high loss. Denote the intensity at the output of the reference arm as I 1 , and that on the modulation arm as I 2 and I 0 2 when the modulator is OFF and ON, respectively. Considering that the phase difference varies from 0 to when the output intensity changes from high to low, I H and I L is obtained as
The extinction ratio for the MZI structure is thus 10 Â log½2I 1 =ðI 1 À I 0 2 Þ. Based on the mode computation results reported above, the extinction ratio is calculated to be 7.5 dB when the EO modulator switches between 0 V and 1.1 V.
The proposed HBT has an electrical turn on voltage of V be equal to $0.77 V. In this research, we also searched for the optimal operation voltage of the proposed device. The results are summarized in Table 2 . For a V be swing of 0 to 1.1 V and 0 to 1.0 V, the rise/fall times (1%-90%) of the carrier densities are 5.1 ps/3.6 ps and 4.6 ps/1.54 ps, while the L is 240.8 m and 1025 m, respectively. A more than four times difference in L is exhibited. The electron carrier density in the intrinsic base is 5 Â 10 19 cm À3 and 1 Â 10 20 cm À3 for the V be swing of 0 to 1.0 V and 0 to 1.1 V, respectively. For this amount of difference in carrier concentration in the base, the large change in L seems unrealistic. However, looking at the optical modes [see Fig. 12(b) and (d) ], it can be observed that the overlap between the electric field of fundamental mode and the charge carriers in the base is finite. To investigate this, a set of simulation experiments was conducted. In the first experiment, the base refractive index profile is varied for V be of 0 V and V be of 1.1 V, while that of the emitter and collector is kept unchanged. In the second experiment, the collector refractive index profile is varied for V be of 0 V and V be of 1.1 V, while the emitter and base are kept unchanged. It is observed that TABLE 2 Summary of rise time, fall time, L , and Energy consumption per bit for different V be bias voltages the first experiment produced an L of 940 m, while the second predicted an L of 360 m. This shows that the free carrier plasma in the collector is primarily responsible for the change in effective index rather than the free carrier plasma in the base.
Dynamic Power Consumption
The dynamic power of the device of 240.8 m lengths is evaluated by (4) [19] : 
where, f s is the switching frequency, T s is the pulse duration, i c is the collector current, and i b is the base current. The factor 0.5 in (4) accounts for the fact that the BON[ state appears with 50% possibility in a long random Non-Return-to-Zero (NRZ) pulse train. The minimum pulse width, or the maximum data rate, is limited by the response time. According to our transient analysis, the smallest T s is 12.5 ps, and the inverse of T s gives a maximum Baud rate of 80 Gbit/s. Based on the above assumption, the dynamic energy consumption is 3.6 pJ/bit at V be of 1.1 V, which is lower than 5 pJ/bit [5] but higher than that of 400 fJ/bit [20] . To enhance this basic HBT modulation, it will be necessary to devise a low Q resonator that is compatible with the HBT electrical structure and will still permit a small amount of reuse of the plasma. Based upon prior work, an assumed Q of only 10-30 could considerably shorten the device and lower its power consumption accordingly [23] . A patent application has also recognized that plasma dispersion effect can be used to modulate light in a graded base SiGe HBT enhanced by using a low Q resonator structure for plasma reuse [21] .
Conclusion
This paper reports the detailed device structure design as well as the electrical and optical property analysis of an 80-Gbit/s SiGe EO modulator. Positive ramp voltages of 1.0 V and 1.1 V for 1-ps ramp time are applied at the base and free carrier dispersion effect is utilized to achieve an EO modulation. An L of 240.8 m is modeled with rise and fall times of 5.1 and 3.6 ps, respectively, for a 0.4-m subcollector and an L of 193.5 m with rise and fall times of 6.3 and 8.4 ps, respectively, for 0.3-m subcollector depth at V be of 1.1 V bias. Additionally, for a V be bias of 1.0 V and a subcollector depth of 0.4 m, an L of 1025 m is simulated with rise and fall times of 4.56 and 1.54 ps, respectively. With these excellent results, we report the modeling of an 80-Gbit/s SiGe HBT EO modulator attractive for high-speed silicon photonic integrated circuits. Further improvements in L can be made by slow light interaction with the carrier plasma without degrading the operation speed. In addition, the compatibility of the terminal characteristics of the HBT with the IBM 8HP technology suggests the possibility of fast deployment of the proposed HBT EO modulator.
